To reduce the amount of cement used in cemented coal gangue backfill (CCGB, a mixture of coal gangue, cement, fly ash, and water), mechanical and deformation properties of CCGB in which CSFA partially replaces the cement (0, 10, 20, 30, and 40 wt%) were studied. Compressive strength, acoustic emission during uniaxial loading, shear strength, and drying shrinkage were analysed. e compressive strength, shear strength, and drying shrinkage tests were performed at different curing times. e results showed that cemented coal gangue and corn stalk fly ash backfill (CGCAB) presented better performance, and the CGCAB with a 20% substitution rate had the best performance at day 28. Despite having the largest drying shrinkage value, 20% is the best choice for the substitution rate of CSFA. A 20% CSFA addition can enhance the bearing capacity of CGCAB and improve its failure mode, which is of great significance to support the upper overburden load and maintain the surface stability of the goaf.
Introduction
Backfilling mining is widely used to address surface subsidence caused by extensive mining, environmental pollution caused by coal gangue accumulation, and low coal recovery rate under buildings/railways/water-bodies [1, 2] . Cemented coal gangue backfill (CCGB) can be used to support overburden and prevent surface subsidence upon transportation through a pipeline to underground goaf [3] [4] [5] . CCGB can reuse solid waste and reduce landfill area, thus addressing environmental problems [6] . e CCGB for coal mine backfilling is an engineered mixture of coal gangue, fly ash, cement, and water; and the solids account for 75-85 wt% [7, 8] . In recent years, many scholars have conducted research on CCGB. Wu et al. [9] developed a coupling model to analyse the thermal-hydraulic-mechanical-chemical processes that occurred in CCGB. Yin et al. [10] proposed an electrochemical treatment to improve the early age strength and deformation characteristics of CCGB. Sun et al. [11] developed a test machine to test the creep disturbance effect of CCGB and established a creep disturbance constitutive model of CCGB. However, CCGB still presents many practical issues such as insufficient materials [12] , excessive cost [13] , and low strength [14] .
To solve the above problems, the introduction of corn stalk fly ash (CSFA) in the preparation of CCGB has been proposed. On one hand, corn is the main crop in China, and its yearly corn stalk production is significantly large [15, 16] . Moreover, corn stalks are transported to biomass power plants, and large amounts of CSFA are produced every year. On the other hand, CSFA has a certain pozzolanic activity and a large content of silica [17, 18] . If CSFA was introduced for use in the CCGB, it could reduce costs as partial cement replacement and address the high CSFA production. However, a few studies investigated the CSFA content influencing the physical, mechanical properties and micromechanism of CCGB and other cementbased materials. e other biomass ashes, such as rice husk ash, have been studied as partial cement replacement in concrete [19] . In general, rice husk ash presents pozzolanic activity, and the incorporation of rice husk ash into concrete can improve its mechanical properties, such as compressive strength and splitting tensile strength. Givi et al. [20] replaced cement by agro-waste rice husk ash at different proportions (5, 10, 15 , and 20 wt%) and using two different average particle sizes (5 and 95 μm) . According to the authors, cement can be replaced by up to 15% of the rice husk ash of 95 μm and 20% of the 5 μm ones for increased strength. e optimal strength of concrete was obtained when 5 μm particles replaced 10% of the cement. Raisi et al. [21] replaced cement with different proportions (5, 10, 15 , and 20 wt%) of rice husk ash and prepared a control group using 100% cement. e compressive strength, splitting tensile strength, and elastic modulus of the concrete increased relative to the control group for 5 and 10% substitution at 28 days. Moreover, the group with a substitute content of 5% showed the maximum compressive strength, close to 50 MPa, at 28 days. is result was mainly attributed to the pozzolanic activity and physical filling ability peculiar to rice husk ash [22, 23] . e explanation for rice husk ash improving the strength of concrete is that rice hush ash can react with calcium hydroxide formed by cement hydration to form a dense structure of C-S-H gel, which makes the internal pores of concrete more compact. As the calcium ion concentration continues to decrease, the degree of cement hydration is again enhanced. In addition, the particle size of rice husk ash is also essential to enable the physical filling ability. Furthermore, the structure of rice husk ash particles determines that they can be used as a porous medium to store water [24] . In the early stages of cement hydration, rice husk ash particles absorb free water into their pores. At the later stage, the rice husk ash particles gradually release the internally stored water, which further develops the cement hydration process. However, some research scholars have concluded that the addition of rice husk ash to concrete reduces its compressive strength. is behaviour happens due to specific operations in the preparation of the concrete mixture which differ from the conventional operations. For example, Ismail and Waliuddin [25] adjusted the water-cement ratio to maintain the consistency of workability. us, the compressive strength decreased. Olutoge and Adesina [26] used high-early-strength Portland limestone cement and missed the pozzolanic reaction stage of rice husk ash. erefore, the compressive strength was not effectively improved. Based on similar material compositions and engineering backgrounds, the direction of concrete provides good references for CCGB.
In this study, the cement in CCGB was replaced by CSFA at 0, 10, 20, 30, and 40 wt%, and the effects of substitution rates on the mechanical and deformation properties of cemented coal gangue and corn stalk fly ash backfill (CGCAB) were investigated. Upon analysing the test results, the optimal substitution rate for CGCAB mechanical and deformation performance was selected. e compressive strength, shear strength, and drying shrinkage tests were performed at different curing times. e acoustic emission detection was performed at day 28 under uniaxial loading conditions.
Materials and Methods

Raw Materials.
e coal gangue used in the tests was obtained from the Tunlan coal mine, Taiyuan City, Shanxi Province. After being crushed, it was divided into fine aggregate (particle diameter smaller than 5 mm) and coarse aggregate (particle diameter of 5-15 mm). e cement used in the tests was ordinary Portland cement with a strength grade of 42.5, from Taiyuan Lionhead Cement Co., Ltd., Taiyuan City, Shanxi Province. e fly ash used was Class F and Class II fly ash from Hebei Woyang Mineral Products Trading Co., Ltd., Shijiazhuang City, Hebei Province. e CSFA used in the tests is from a power plant in Shijiazhuang City, Hebei Province. To reduce the impact of water content on the test results, the CSFA was first spread out and dried in an oven at 80°C for 24°h. Scanning electron microscopy (SEM) images of fly ash and CSFA are shown in Figure 1 .
e fly ash particles are in the form of glass beads, and the CSFA particles are irregular in shape and are mostly elongated.
e main chemical composition and physical properties of various solid raw materials are shown in Table 1. e particle size distributions of CSFA and fly ash are shown in Figure 2 , and the gradation of coal gangue determined in previous study [27] is shown in Table 2 . Table 3 , a control group (C0) and four variable groups (C1, C2, C3, and C4) were established. In all five groups, the amount of fine coal gangue was 285 kg/m 3 , the amount of coarse coal gangue was 665 kg/m 3 , and the amount of fly ash was 380 kg/m 3 . e amount of cement in the control group (C0) was 190 kg/m 3 , and, in the variable groups, CSFA replaced 10wt% (C1), 20wt% (C2), 30wt% (C3), and 40wt% (C4) of cement, respectively. For all mixtures, the mass concentration and water-binder ratio were kept constant at 83% and 0.55, respectively.
Specimen Preparation. As shown in
Following the Chinese standard GB/T 50080-2016 "Standard for test method of performance on ordinary fresh concrete," the raw materials were mixed and stirred; then the mixtures were immediately poured into three types of cubic moulds: 100 mm × 100 mm × 100 mm (for compressive strength test and acoustic emission test), 70 mm × 70 mm × 70 mm (for shear strength test), and 100 mm × 100 mm × 515 mm (for drying shrinkage test). e fresh specimens were compacted using a vibrating table and then were covered with plastic sheets to prevent water loss. After 24 h, the specimens were removed from the moulds and placed in the curing room (temperature: 20 ± 2°C; humidity: 40 ± 5%) until the stable age. Before the start of each test, the surfaces of all test specimens were sanded with sandpaper.
Test Methods.
e tests in this study were performed with three specimens each, and the final values were average values. e compressive strength test was performed in accordance with the Chinese standard GB/T 50081-2002 "Standard for test method of mechanical properties on ordinary concrete." is test was performed within 3, 7, 14, and 28 days after pouring. e pressure testing machine used a computer-controlled WDW-100 electronic universal testing machine with a full-scale specification of 100 kN, which can meet the failure load of the specimen to the fullest within 20-80% of the full scale of the press. For the compressive strength test, the loading rate was controlled at a displacement of 0.3 mm/min.
To grasp the failure characteristics of CGCAB under uniaxial loading conditions, acoustic emission test was used for detection. e acoustic emission test under uniaxial loading conditions was performed within 28 days after pouring. e acoustic emission device adopted the DS5-8B acoustic emission device (Beijing Softland Times Scientific & Technology Co., Ltd.), with a preamplifier gain of 40 dB, a signal threshold of 40 dB, a sampling frequency of 25 kHz, a conversion accuracy of 16 bit, and a sampling rate of 5 million samples per channel.
ere were four signal receiving probes, which were arranged alternately on each side. e shear strength test was performed in accordance with the Chinese standard DZ/T 0276.25-2015 "Regulation for testing the physical and mechanical properties of rock" (Part 25: Test for determining the shear strength of rock). e shear strength test was performed in the same day in comparison to the compressive strength test for the same mix proportion of the test specimens under the same curing age. e shear strength was measured through a wedge shear test, and the pressure testing machine used was the same as the one used for the compressive strength test. During the shear strength test, the selected angles of the shearing fixtures were 40°, 45°, 50°, and 55°. For the shear strength test, the loading rate was controlled at a displacement of 0.8 mm/ min. e drying shrinkage test was performed in accordance with the Chinese standard GB/T 50082-2009 "Standard for test methods of long-term performance and durability of ordinary concrete." For the drying shrinkage test, the specimens were removed and placed on the concrete 
Results and Discussion
e compressive strength of CGCAB at different ages and substitution rates is given in Figure 3 . At day 3, the compressive strength showed a tendency to gradually decrease, and group C0 presented the highest compressive strength (2.4 MPa). At days 7 and 14, the compressive strength first increased and then decreased, and group C1 presented the highest compressive strengths (4.38 MPa and 6.25 MPa for days 7 and 14, respectively). At day 28, the compressive strength also first increased and then decreased. However, group C2 presented the highest compressive strength (9.69 MPa).
CSFA contains a large amount of oxides, such as silica and alumina, and it presents a certain pozzolanic activity.
us, when CSFA is in contact with the calcium hydroxide formed by the hydration reaction of cement, a pozzolanic reaction occurs and calcium silicate hydrate (C-S-H) is formed [28] . C-S-H has an amorphous colloidal form with a dense structure that assists the increase of the pressure bearing capacity of CGCAB, thereby increasing its compressive strength. At early stages, the pozzolanic reaction has not yet entered the active stage. erefore, if the substitution rate increases, the cement content decreases, and the compressive strength gradually decreases. When the curing time increases, especially at 28 days, the pozzolanic reaction gradually becomes effective. e CSFA addresses the absence of cementitious material and the compressive strength of CGCAB rapidly increases [29] , which is especially clear when the substitution rate is 20%. For larger substitution rates, the water demand of CSFA causes the workability of CGCAB to decrease, thereby hindering the hydration and pozzolanic reactions, which cause the compressive strength to decrease [30, 31] .
Acoustic Emission.
It can be seen from Figure 4 that the strain corresponding to the stress peak is maintained within 0.02-0.03. When the substitution rate was 20%, the ring-down counts were the highest, which may be attributed to the increased production of C-S-H colloids with surface roughness and wrinkles [32, 33] . ese colloids generate more transient elastic waves or stress waves by friction during uniaxial loading. e sources of acoustic emissions inside the CGCAB include the friction between aggregate particles and the generation and expansion of cracks. Furthermore, the peak of the ring-down count generally occurred before the stress peak (after the yield point) and was in the unstable fracture development stage of CGCAB. ese characteristics are established because the crack rapidly expands over a large area and the small fragments slid extensively during the specimen instability [34] . Figure 4 shows the schematic diagrams of the acoustic emission points in the uniaxial loading process which correspond to the final point of each stress-strain curve at day 28 and different substitution rates. e greater the compressive strength, the greater the number of acoustic emission fracture points. For groups C0 and C4, the relatively few fracture points are mostly concentrated on the diagonal face of the CGCAB cube specimen. For groups C1, C2, and C3, many fracture points are concentrated on the central column of the CGCAB cube specimen. Moreover, the failure mode of CGCAB is similar to that of concrete, and two opposite pyramid-shaped fracture surfaces are formed [35, 36] . We observed that the CGCAB law of failure mode was not the same as the concrete one, but it was similar to that of soft rock.
ese results may be attributed to the hardness of CGCAB, which is closer to soft rock and softer than concrete. e failure mode is a single slope for softer materials and an X-shaped conjugate slope for harder materials [37] .
When the substitution rate was 0% or 40%, the hydration and pozzolanic reactions were relatively incomplete at day 28. Moreover, the CGCAB specimens were in a soft state.
us, their failure mode was closer to a monoclinal fracture (Figures 4(a) and 4(e)). Such CGCAB specimens lose less Advances in Materials Science and Engineering energy due to cracking during uniaxial loading than hard specimens for a moderate substitution rate of 10-30%. is conclusion can be confirmed in Figure 5 . For group C2, the total amount of energy released by the CGCAB specimen detected by the acoustic emission device was the largest. e final accumulated energy was arranged from highest to lowest in the following order: C2, C3, C1, C0, and C4. At different substitution rates, the energy released during the pore closure stage and reversible elastic deformation stage slightly changed. e stage that causes the accumulated energy to rise sharply is the unstable fracture development stage (yield stage). For 20% or 30% substitution rate, the unstable fracture clearly develops, and the accumulated energy rises sharply. Under other substitution rates, the fracture development is relatively stable, and the accumulated energy rises steadily.
Shear Strength.
Considering the analysis of rock, soil, and concrete against shear strength, the Mohr-Coulomb criterion (equation 1) can be used to analyse the shear resistance of CGCAB [38] [39] [40] .
where τ is the shear stress on the shear fracture surface (i.e., the shear strength of CGCAB), MPa; σ is the normal stress, MPa; φ is the internal friction angle,°; and c is cohesion, MPa. e axial stress combined with the angle of the shearing fixture is decomposed into normal stress and shear stress (i.e., shear strength). e relationship between the shear strength of different shear angles (40°, 45°, 50°, and 55°) and the substitution rate under the same curing age is shown in Figure 6 . At day 3, the shear strength showed a tendency to gradually decrease, and group C0 presented the highest shear strength. At days 7, 14, and 28, the shear strength first increased and then decreased. However, the corresponding substitution rate for the group with the highest shear strength was not the same. At day 7, the corresponding group with the highest shear strength was C1 for the four Advances in Materials Science and Engineering shear angles. At day 14, they were C1 for 45°, 50°, or 55°shear angle and C2 for 40°shear angle. At day 28, it was C2 for all four shear angles. e optimal substitution rate gradually changed from 10% to 20% with increasing curing time, which is consistent with the compressive strength results. is behaviour occurs because the internal mechanism of shear strength change is almost the same as the one of compressive strength. It was also observed that, at the same curing age and substitution rate, the shear strength decreases as the shear angle increases. us, the higher the shear angle, the higher the portion of axial stress decomposed into normal stress, the lower the portion decomposed into the shear stress, and the smaller the shear strength.
To further explore the relationship between substitution rate and parameters in the shear strength formula (i.e., the Mohr-Coulomb criterion), the Mohr circle for uniaxial loading was plotted, as shown in Figure 7 . e abscissa of the right intersection of the Mohr circle and the horizontal axis is the maximum principal stress value. A similar result (difference of approximately 1 MPa) was obtained for the maximum principal stress on the drawn Mohr circle with compressive strength. is indicates that the Mohr-Coulomb criterion is suitable for evaluating the mechanical properties of CGCAB. For uniaxial loading, the radius represents half of the maximum principal stress in the Mohr circle. At day 3, the radius of the Mohr circle showed a decreasing trend with increasing substitution rate, and the radius of the Mohr circle for group C0 was the largest. At days 7 and 14, the radius of the Mohr circle first increased and then decreased with an increasing substitution rate. e radius of the Mohr circle for group C1 was Advances in Materials Science and Engineering the largest. At day 28, the radius of the Mohr circle also presented an increasing trend first and then a decreasing trend upon increasing substitution rate. e radius of the Mohr circle was the largest for group C2. In addition, the relative positions of the various Mohr circles demonstrate that group C2's catch-up momentum is the strongest from medium to large, followed by group C3's. e remaining Mohr circles did not catch up with other Mohr circles but developed stepwise with age. e tangent line of the Mohr circle is a linear envelope, known as the Mohr-Coulomb failure criterion. Its slope represents the tangent value of the internal friction angle, and its intercept represents the cohesion. ese two important parameters correspond to the friction and cohesive strengths, respectively [41] . Figure 7 shows the internal friction angle and cohesion of CGCAB of various ages as functions of the substitution rate. At days 3 and 14, the internal friction angle gradually increased with increasing substitution rate, and the internal friction angles for group C4 were the largest (11.9°and 21.4°for days 3 and 14, respectively). In contrast, cohesion gradually decreased with increasing substitution rate, and the cohesion values for group C0 were the largest (1.3 MPa and 3.2 MPa for days 3 and 14, respectively). At day 7, the internal friction angle first decreased and then increased with increasing substitution rate. e internal friction angle for group C4 was still the largest (23.6°). e cohesion first increased and then decreased with increasing substitution rate, and the cohesion for group C1 was the largest (1.8 MPa) . At day 28, the trends of internal friction angle and cohesion were the same as the ones from day 7. e internal friction angle for group C4 was still the largest (24.8°), but the largest cohesion was observed for group C2 (4 MPa).
Comparing Figures 3 and 7 , it is clear that the greater the compressive strength, the smaller the internal friction angle and the greater the cohesion for identical substitution rate compared to different substitution rates. is behaviour may happen because, after the pozzolanic reaction, the coal gangue is wrapped into a regular ellipsoid.
us, the friction strength of the specimen is easily reduced with increasing substitution rate, whereas the cementation force increases with increasing C-S-H content, so that the cohesive strength of the specimen also increases with the increasing substitution rate. However, with the gradual increase of substitution rate, the change in workability hinders the maintenance of the pozzolanic reaction. us, the internal friction angle increases and the cohesion decreases. According to the acoustic emission fracture points (Figure 4 ), failure is mainly attributed to the shear of specimen, and the axial stress is transformed into normal and shear stress on the surface of the shear fracture. In the loading of CGCAB, both shearing and compression are possible, but it is not possible to consider only one of them.
Drying Shrinkage.
e drying shrinkage performance of CGCAB is related to an important quality index in the backfilling mining process: the rate of supporting pit roof. e larger the drying shrinkage is, the smaller the rate of supporting pit roof is and the more difficult it is for the CGCAB to meet the roof of the roadway during the actual backfilling process. Consequently, ground collapse is more likely to occur. e drying shrinkage of CGCAB at different ages (days 1, 3, 7, 14, 28, 45, 60, 90, 120, and 180) with different substitution rates is shown in Figure 8 . It can be seen that the drying shrinkage increases with extended age due to the loss of water inside the specimen [42] .
is loss can be attributed to the evaporation of internal water and the consumption of water by chemical reactions [43] .
CGCAB specimens under natural dry conditions shrank faster from days 3 to 7 in this study. us, the chemical reaction rate was the fastest in that period, which was the key stage for strength development. For group C2, CGCAB presented the largest drying shrinkage after 3 days. For 20% substitution rate, the hydration and pozzolanic reactions in the CGCAB are thoroughly performed, so they consume the most water and produce the most C-S-H colloids. When the substitution rate is too small or too large, these reactions are inhibited by the shortage of CSFA or free water. us, less water is consumed, and the drying shrinkage is lower than when the substitution rate was 20%. In addition, it can be seen that, at 180 days, the drying shrinkages of C0 and C4 groups are almost equal, while C1 and C3 groups are also close. is indicates that the addition of CSFA can accelerate the completion of drying shrinkage. is may be related to the porous nature and coarse morphology of the CSFA particles.
Microscopic Analysis.
To corroborate the mechanism analyses of the above subsections and ensure that they can be tested by practice, SEM images of CGCAB under different substitution rates at day 28 were obtained. As shown in Figure 9 , C-S-H is produced in a fibrillar morphology [44] . e highest C-S-H production was observed for group C2. When CSFA was not added, C-S-H was distributed in a relatively dispersed form among the individual particles. For 20% CSFA, C-S-H was clearly concentrated in a large agglomerate shape and acted as a bridge connection between the particles. For 40% CSFA, the concentration of C-S-H was significantly weakened, and many particles were not covered by C-S-H. is behaviour likely occurred because their pozzolanic activity could not be exerted in a water-deficient environment. Moreover, for low cement content, the amount of calcium hydroxide formed by cement hydration was relatively small, and the degree of pozzolanic reaction was relatively low. Consequently, the reaction product formed was relatively small. Microscopic analysis establishes a similar relationship to mechanical properties. ere is a positive correlation between mechanical strength and C-S-H content. With the increase of C-S-H content, the CGCAB is denser, and the compressive strength, acoustic emission energy, and shear strength are generally higher. ese SEM images further confirm that 20% is the best substitution rate for CSFA to replace cement in CGCAB. 
Conclusion
In this study, the cement in CCGB was replaced by CSFA at 0, 10, 20, 30, and 40 wt%, and the effects on the mechanical and deformation properties of CGCAB, including compressive strength, shear strength, stress-strain-acoustic emission, and drying shrinkage, were analysed. e compressive and shear strength tests were performed at the curing age of 3, 7, 14, and 28 days. e acoustic emission test was performed only for day 28. e drying shrinkage test was performed at days 1, 3, 7, 14, 28, 45, 60, 90, 120, and 180. e main conclusions are summarized as follows:
(1) At days 3, 7, and 14, the group with a 10% substitution rate showed the highest compressive strength. However, by day 28, the group with a 20% substitution rate presented the highest compressive strength. e peak of acoustic emission ring-down count was observed mainly in the unstable fracture development stage (yield stage) before the stress peak and after the yield point. When the substitution rate was 20%, the peak was the highest, and the amount of accumulated energy was the largest at day 28. In that same day, the failure mode was similar to two opposite pyramid-shaped fractures for substitution rate between 10% and 30%, whereas, for 0% or 40%, the failure mode was closer to a monoclinal fracture. It was observed in the SEM images that the calcium silicate hydrates in CGCAB have a fibrillar morphology and are mostly generated when the substitution rate was 20%. (2) At day 3, the shear strength showed a tendency to gradually decrease, and the group with a substitution rate of 0% presented the highest shear strength. At days 7, 14, and 28, the shear strength first increased and then decreased. However, the corresponding substitution rate for the group with the highest shear strength was different (gradual transition from 10% to 20%). e Mohr-Coulomb criterion was applied to the shear strength test analysis of CGCAB. At days 3 and 14, the internal friction angle gradually increased, while the cohesion gradually decreased. At days 7 and 28, the internal friction angle first decreased and then increased, whereas the cohesion first increased and then decreased. In terms of shear strength, a 20% CSFA substitution rate is recommended for suitable internal friction angles and cohesion. (3) e drying shrinkage increased with extended age, and the fastest shrinking rates of CGCAB under natural dry conditions occurred from day 3 to day 7. e group with a substitution rate of 20% presented the largest drying shrinkage at any age. e addition of CSFA can accelerate the completion of drying shrinkage.
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